DNA oligonucleotides were purchased from Integrated DNA Technologies (Coralville, IA), or when noted from Eurofins MWG operon (Huntsville, AL). Thiolated DNA was purchased with C6 Thiol Modifier on the 5' end of the strand or the C3 thiol modifier at the 3' end of the strand.
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The phospholipids 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC),1,2-dipalmitoyl-sn- 
glycero-3-phosphoethanolamine-N-[4-(p-maleimidomethyl)cyclohexane-carboxamide] (MCC-
DHPE
-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-s-indacene-3-propionyl)-1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine were purchased from Invitrogen (Carlsbad, CA).
Attofluor cell chamber sample holders for cover slips (used in FCCS experiments or fluorescence microscopy experiments) were purchased from Invitrogen. Glass bottom 96-well plates were purchased from Nunc (Rochester, NY).
Micro Bio-Spin 6 and 30 Chromatography columns were obtained from Bio-Rad (Hercules, CA).
NAP-5 columns and Vivaspin concentrators were obtained from GE Healthcare (Piscataway, NJ).
DNA sequences used
We used the following sequences, also used for orthogonal DNA surface functionalization in other studies [1] [2] [3] . 1 : 5'-GTA ACG ATC CAG CTG TCA CT -3' 1': 5'-AGT GAC AGC TGG ATC GTT AC -3' 2 : 5'-TCA TAC GAC TCA CTC TAG GG -3' 2': 5'-CCC TAG AGT GAG TCG TAT GA -3' 3 : 5'-ACT GAC TGA CTG ACT GAC TG -3' S3 3': 5' -CAG TCA GTC AGT CAG TCA GT -3'
Fluorophore labeling of oligonucleotides
Amine modified (5' C6 amine modifier) strands were ethanol precipitated before use. To a solution of boric acid buffer (adjusted to pH 9 with NaOH), we added 0.1 mg of oligonucleotide and 0.25 mg of Alexa Fluor 647 carboxylic acid, succinamidyl ester. This reaction proceeded overnight. The DNA was ethanol precipitated to remove most of the unreacted dye, then resuspended in water and injected onto a PROTO C18 reverse phase column (Higgens analytical), equilibrated with 93% 0.1M triethylamine acetate (TEAA), pH 7 and 7% acetonitrile.
A flow rate of 0.5 mL/min with a gradual increase in acetonitrile concentration separated modified and unmodified oligonucleotides. Fractions were collected when the UV-vis monitor detected both fluorophore absorbance and absorbance of DNA. The solvent was removed under reduced pressure. The ATTO647N oligonucleotide used for heterodimerization and for negative controls was prepared in a similar manner. However, in this case, fractions were pooled, desalted in a Nap-5 column, and the product was ethanol precipitated.
Vesicle preparations
The appropriate lipid mixture was transferred into a clean round bottom flask. The solvent (chloroform) was evaporated under reduced pressure at 37-42 ºC for at least 15 minutes. The lipid film was then stored under nitrogen until ready. Lipid films were resuspended in ddH 2 O.
Maleimide containing vesicles, to be used for thiol-DNA coupling, were resuspended to 0.5 mg/mL total lipid concentration and sonicated. Vesicles made for the purpose of quantitative fluorescence microscopy standards were resuspended to 1 mg/mL in water then extruded through a 100 nm track etch membrane (Whatman, Kent, UK) eleven times.
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Supported lipid bilayer preparation
Quantitative fluorescence microscopy experiments were performed in glass bottom 96-well plates. These were cleaned by incubation with 0.5M NaOH for 1 hour, and then rinsed with water. The water was aspirated immediately before deposition of vesicles. Vesicle suspensions were mixed 1:1 (v/v) with phosphate buffered saline (PBS, 10 mM phosphate buffer, 150 mM NaCl, diluted from 10X PBS, Cellgro) and deposited on the clean glass surface. The membrane was rinsed with 12-15 mL of PBS. For linking 41 nt DNA to the membrane, borate buffered saline (BBS, 10 mM boric acid, 150 mM NaCl, pH adjusted to 8.5 with NaOH) was used in place of PBS.
FCCS experiments were performed using piranha cleaned Fisher Brand circular microscope cover glass or Werner number 1.5 thickness coverslips. All were 22 mm in diameter and we did not notice significant differences between the two brands of coverslips. First, these cover slips were cleaned in a bath sonicator with a 1:1 (v/v) solution of 2-propanol and ddH 2 O. Then, they were treated with 3:1 (v/v) concentrated sulfuric acid and 30% hydrogen peroxide solution for 5 minutes and rinsed extensively with water before use. As above, the vesicle suspension was mixed 1:1 (v/v) with PBS or BBS and deposited on a plastic petri dish. A dried cover slip was then placed on this drop and submerged in a bath of PBS or BBS. The sample was assembled and rinsed with 15 mL of buffer.
Alternatively, deposition of the SUV/buffer mixture was found to result in bilayers of comparable quality. In this procedure, the SUV and buffer mixture was added to a dry coverslip secured in an assembled sample holder and then incubated for at least 5 minutes before rinsing.
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Supported lipid bilayer functionalization
Thiolated oligonucleotides, except those specifically mentioned later, were stored in 0.5X TE buffer (5 mM Tris, 0.5 mM EDTA, pH 8), with 1-10 mM tris(2-carboxyethyl)phosphine (TCEP).
Within an hour before use, they were filtered through two Bio-spin 6 or Bio-spin 30 columns (Bio-rad, Hercules, CA). While a previous study used these conditions to store oligonucleotides, 1 we noticed eventual oxidation and decrease of reactivity over time. For this reason, newer batches of thiol ssDNA were alternatively dissolved in TE buffer to 5 mg/mL and diluted to 1 mg/mL aliquots. Both solutions were stored frozen. TCEP solution was diluted from an unbuffered stock solution to a 10 mM solution buffered with 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid buffer (HEPES), pH 8. The buffered solution of TCEP was added to the DNA yielding a 1-2 mM final concentration of the reducing agent and incubated at room temperature for at least 30 min. Then the solution was filtered as above. Some samples were found not to be completely reduced under these conditions. In this case, we added TCEP to 2 mM final concentration and incubated at 37 ºC for 90 minutes before filtering. We also found some batches of DNA (especially those more recently acquired) to achieve more reliable coupling to membranes if they were first ethanol precipitated before aliquoting and TCEP reduction.
After bilayer formation, desalted ssDNA was added to an appropriate concentration and incubated for 80 minutes. After this time, the excess ssDNA was washed with excess buffer (15-30 mL).
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Fluorescence Microscopy
FRAP and quantitative fluorescence microscopy experiments were performed on a Nikon TE-300 inverted fluorescence microscope using 40X 0.75NA Plan Fluor or 100X Plan Fluor NA 0.5- and aligned into a dual-fiber launch custom built by Solamere (Salt Lake City UT); one single-S7 mode polarization maintaining fiber (Oz Optics, Ottowa Canada) was connected to the TIRF illuminator while the other was connected to a spinning disk confocal unit. On this instrument, all filters were from Chroma (Bellows Falls VT). Dichroics were 2 mm thick and mounted in metal cubes to preserve optical flatness: ZT488rdc, ZT561rdc, and ZT640rdc. Long-pass emission filters included: ET500lp, ET575lp, and ET660lp. Bandpass emission filters were located below the dichroic turret in a filter wheel (Sutter Lambda 10-3, Novato CA):
ET525/50m, ET600/50m, and ET700/75m. RICM was performed using a 50/50 beamsplitter with a D546/10x filter. Images were acquired on this instrument using Micro-Manager microscopy software. 4 
Measurement of DNA surface density on supported membranes
To determine the relationship between thiol ssDNA incubated with supported membranes and the resulting surface density, we converted observed fluorescence to surface density of fluorophore-ssDNA conjugates by comparing the fluorescence of DNA-supported membrane samples to membranes formed with fluorophores of known surface density as described in the literature. 5 We first prepared these standard membranes of known surface density using vesicles composed of 5% DOPS, a small percentage of fluorescent lipid (for comparisons with TEX 615, we used Texas Red-DHPE and for comparisons with AF488 we used BODIPY-DHPE), and the remaining percentage DOPC. To obtain a serial dilution of the fluorophore, vesicle suspensions were mixed with unlabeled vesicles of the following composition: 98 mol % DOPC and 2 mol % DOGS-NTA. We do not expect that even mixing will always occur in this case, but we interpreted linear relation between measured fluorescence intensity and expected surface density to indicate that our even mixing assumption was valid ( Figure S1b ). Vesicles and supported membranes were prepared as described in the appropriate section above.
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The brightness ratio of the lipid and DNA conjugated fluorophores was determined by measuring the fluorescence intensity of fluorescent vesicles or fluorescent DNA in solution, as shown in Figure S1a . A representative standard curve relating measured fluorescence intensity to surface density is shown in Figure S1b . Using this information and the relation of fluorescence intensity to surface density, we can determine the surface density of DNA from the measured fluorescence intensity. A sample calculation is provided in Figure S1c .
Synthesis of tris-NTA-modified Oligonucliotides
We prepared this DNA as described in the literature. 6 DNA with three amino groups at the 5' end was obtained from IDT or Eurofins MWG operon modified with two Uni-link amino modifiers and one C6-amino modifier. It was dissolved in water to 0.2 mM. 50 µL of this solution was filtered through a Micro Bio-Spin 6 column that was equilibrated with phosphate buffer (100 mM sodium phosphate, 100 mM NaCl, pH 7.3). 50 µL of the filtered tris-amine DNA was incubated with 12.5 µL of 50 mM SPDP that was freshly dissolved in DMSO for one hour at room temperature. A second Micro Bio-Spin 6 column was used to filter the sample of DNA product to remove excess SPDP. The eluent was treated with 6.25 µL of 100 mM TCEP for fifteen minutes at room temperature to reduce disulfide bonds, resulting in a DNA product with three thiol groups at the 5' end. This product was treated with 7 µL of 50 mg/mL maleimide-NTA dissolved in phosphate buffer and incubated at room temperature for one hour. The resulting tris-NTA-modified DNA was filtered with a Micro Bio-spin 6 column and frozen. The resulting DNA product was purified by reverse phase liquid chromatography and HPLC under similar conditions to those described for the fluorophore conjugates. Crude and purified products were characterized by MALDI-TOF mass spectrometry ( Figure S7 ). Similar results were also S9 obtained if ethanol precipitation was used to desalt samples instead of using the gel filtration spin columns.
Jurkat cell immobilization
Jurkat cells were grown in RPMI-1640 medium with 10% fetal bovine serum and 1% penicillin/streptomycin. Supported membranes were prepared as described above in 96 well plates with 20mer DNA either complementary (sequence 1 + FAM) or non-complementary (sequence 3) to the DNA that would be functionalized on the Jurkat cells. Other bilayers were also left unmodified.
NHS-DNA was prepared as described in a previous study. 
MDA-MB-231 cell culture and activation
The MDA-MB-231 human breast cancer epithelial cell line was obtained from the ATCC (Manassas, VA) and was cultured in DMEM media supplemented with 10% fetal bovine serum, L-glutamine, and penicillin/streptomycin (Invitrogen, Carlsbad, CA). Prior to deposition on S10 supported lipid bilayers, the cells were grown to 90% confluency, treated with 0.25% trypsin-EDTA (Invitrogen, Carlsbad, CA), centrifuged, counted, and added to each cell chamber.
For the activation of EphA2, the cells were prepared as above. Supported membranes were also prepared and functionalized as described in the section above, with the following differences:
BBS was used instead of PBS to ensure compatibility of this higher pH buffer with cell experiments. After functionalization with DNA, excess maleimides were quenched with 5 mM βME for 5 min and blocked with .1% BSA for 30 min. Before cells were added, the buffer was exchanged with cell media. EphrinA1-YFP-His 10 was linked to NTA 3 -DNA (sequence 3) by mixing protein (final concentration ~5 µM), DNA (final concentration ~1.5 µM) and Ni
2+
(final concentration 1 mM). EphrinA1-YFP-His 10 was prepared as described in a previous study.
Briefly, it was produced in HEK-293T cells transiently transfected with a plasmid encoding the gene for this protein. 7 The protein was isolated from the supernatant of the transfected cells after four days and purified by immobilized metal affinity chromatography with a Ni-NTA resin.
Cells were incubated for 1 hour, fixed with 4% paraformaldehyde and permeabilized with 0.1% Triton-X. A polyclonal rabbit anti-EphA2 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) and an Alexa Fluor 647 anti-rabbit secondary antibody (Invitrogen, Carlsbad, CA) were used to visualize the receptor. A similar procedure was used for the cells analyzed in Figure 5 , but the primary antibody used for staining targeted a phosphopeptide of the EGFR protein (ab5652, Abcam). Alexa Fluor 568 conjugated secondary antibody was used to stain the samples shown.
EprhinA1-SNAP-tag expression and purification
The gene encoding the EphrinA1 soluble domain was cloned into a pFastBac vector and introduced into the bac-to-bac insect cell/baculovirus based expression system (Invitrogen) S11 according to manufacturer's direction and standard cloning procedures. The protein was secreted from infected Sf9 cells and captured on Ni-NTA resin (Qiagen). The resin was washed and protein was eluted using an imidazole gradient.
Synthesis of benzylguanine/fluorophore tagged DNA and EphrinA1-SNAPtag-DNA conjugates
The following sequences were purchased from IDT:
The solutions were dissolved in TE buffer and before use were ethanol precipitated, then redissolved in water. Both samples were diluted to 0.54 -0.55 mM in PBS buffer with 50 mM sodium bicarbonate added. Alexa Fluor 488 Carboxylic Acid, 2,3,5,6-Tetrafluorophenyl Ester was added to 10 fold excess and incubated overnight at room temperature. Most of the free dye was removed by ethanol precipitation, the samples were resuspended in 5 mM TCEP in 100 mM HEPES buffer, and incubated for 90 minutes at 37C. The samples were desalted with a Biospin 6 column equilibrated in 50 mM phosphate buffer with 150 mM NaCl, pH 7.4. Benzyl-guanine maleimide (New England Biolabs, Ipswich, MA) that had been dissolved in anhydrous N,N'-dimethylformamide (Solulink) was added to 10-fold excess. Excess maleimide reagent was removed by desalting in a NAP-5 column and the eluent was ethanol precipitated, then resuspended in TE.
EphrinA1-SNAP tag protein frozen aliquots were thawed and buffer exchanged into PBS with 1 mM cysteine-HCl. Benzyl guanine-fluorophore oligonucleotides prepared as described above were added to 1-2 molar equivalents and incubated for 60-120 min at 37C. The samples were S12 then typically stored at 4C overnight, which may have increased the yield, but this possibility was not thoroughly investigated. The reactions were filtered through a 0.22 µm filter and injected on a Superdex 200 size exclusion column. Representative chromatography and SDS-PAGE analysis are shown in Figure S9 .
EGF-DNA synthesis
Doubly modified 5'-C6 thiol and 3'-C6 amine DNA was labeled with Cy3 or Cy5 NHS ester (GE healthcare), desalted with a NAP-5 column, and ethanol precipitated. Conversion was measured by fluorophore absorbance compared to the expected absorbance of the DNA. The DNA was treated with 2 mM TCEP for 90 minutes at 37C. Recombinant human EGF (Invitrogen) was dissolved in PBS with 10% glycerol and stored in the freezer. Before use it was thawed and buffer exchanged into PBS and treated 2 equivalents of NHS-PEO 6 -maleimide (Pierce). The reaction proceeded for 1 hour and the sample was desalted with a NAP-5 column.
The reduced thiol DNA was also desalted in a NAP-5 column and all were concentrated in Amicon 3 kDa MWCO concentrators (Millipore). The samples were mixed and incubated for 3 hours at room temperature, then stored at 4C. The samples were analyzed by SDS-PAGE under reducing conditions, as shown in Figure S8 .
Fluorescence cross-correlation spectroscopy
FCCS experiments were conducted with a home-built setup shown in Figure S2a . Two lasers are joined into a fiber launcher. The beams are expanded and directed to a dichroic mirror in the body of a Nikon TE2000 microscope and directed through a Nikon 100X TIRF NA 1.49 objective lens onto the sample. Fluorescence light returns through the same path, but passes through the dichroic mirror and is focused onto a 50 µm confocal pinhole. The beam is S13 recollimated and passes through another dichroic mirror, splitting the two channels onto two avalanche photodiode detectors (APDs, Perkin Elmer). Before the APDs, the light is filtered by bandpass filters appropriate for the fluorophores used.
In FCCS, the fluorescence intensity of a confocal spot is measured as a function of time. 
Assembly of heterodimer
Supported membranes were prepared and functionalized with 41 nt (5'-Thiol+seq1+A+seq2-3') or 45 nt (5'-2×A Thiol+seq1+3×A+seq2-3') DNA as described above. After washing, a crosslinking strand was added (5'-seq3+3×A+seq1'-3') to a final concentration of 0.2-1µM. In the S14 shown Fab' heterodimerization experiments, the lower end of this concentration regime was used. The excess cross-linking strand was washed away with excess buffer (15-50 mL). Then, fluorescent strands (5'-AF488+seq2'-3' or 5'-seq3'-ATTO647N-3') or Fab'-DNA conjugates (same sequences, but with labeled Fab fragments instead of fluorophores) were added to 200 nM final concentration. In the case of the Fab'-DNA conjugates, the actual concentration of the conjugate was likely lower, since the protein concentration (as determined by fluorophore and fluorophore labeling ratio) was used to calculate how much to add and a considerable amount of protein was not conjugated to DNA. A schematic of this process is shown in Figure S4 .
Controls for FCCS
Positive control strands for FCCS were either purchased from IDT (5'-Cy5+seq2'+T+seq1'+AF488-3') or made from doubly modified DNA from Eurofins MWG Operon (5'-Thiol+seq2'+Amine-3'). The commercially obtained strand from IDT was subjected to another round of HPLC purification. For strands modified in house, the DNA was ethanol precipitated before use. The DNA was treated with 0.25 mg of ATTO647N-NHS ester from an ATTO647N protein labeling kit. The reaction was performed in PBS (10 mM PB, 150 mM NaCl) with a supplement of 50 mM bicarbonate (the final pH of this solution was not tested).
After the reaction was complete, residual dye was removed with 2 Bio-Spin 6 columns and ethanol precipitation. Analysis of 5'-Cy5+seq2'+T+seq1'+AF488-3' after HPLC pufication by UV-vis spectroscopy showed a ratio of 0.92:1:1.3 (Cy5:DNA:AF488). Analysis of 5'-AF488+seq2'+Atto647N-3' by UV-vis gave a ratio of 1.0:1.0:0.84 (AF488:DNA:ATTO647N).
Readings of more than 1 dye per DNA molecule are likely the result of unexpected changes in the extinction coefficient of either the dye or the DNA or deviation of the actual DNA extinction coefficient from the calculated one.
Interpretation of FCCS data
The correlation functions were calculated using homebuilt scripts in Matlab using a multi-tau strategy 8 and fit to a standard model of 2-D diffusion.
1
The parameter N refers to the average number of molecules in the collection volume. The independent variable τ refers to the lag time, and τ D is the midpoint of the correlation decay. To calculate the degree of cross correlation, we first compared the ratio of the cross-correlation amplitude, which refers to G(0). 
Maleimide DNA preparation
Amine modified DNA (C6 amino modifier, IDT) was ethanol precipitated and 200 µg were added to a microcentrifuge tube in PBS buffer. NHS-PEO 6 -maleimide was added to a final concentration of 1.6 mM. Half was added immediately and half was added after the reaction had proceeded for 30 min. Characterization by MALDI-TOF mass spectrometry typically showed complete conversion under these conditions. The sample was then desalted with a NAP-5 S16 column according to the manufacturer's direction for a 0.1 mL sample volume. The eluent was divided into various tubes (with a target of 25-50 µg/tube) and ethanol precipitated. The pellet was dried under reduced pressure at room temperature or in a nitrogen charged dry box at room temperature and stored dry at -80C. Representative data from MALDI characterization are shown in Figure S6 .
Fab'-DNA conjugate preparation F(ab') 2 fragments were buffer exchanged into PBS using a vivaspin 500 10 kDa molecular weight cut-off (MWCO, GE healthcare) or an Amicon ultra 10 kDa MWCO (Millipore) spin concentrator. Sodium bicarbonate was added to 0.1M and the solution was transferred to one vial of a monoclonal antibody labeling kit (Invitrogen) or a protein labeling kit (Invitrogen). The reaction was performed according to the manufacturer's direction, but purification was not.
Unconjugated dye was removed with a NAP-5 column equilibrated with PBS (GE healthcare)
according to the manufacturer's direction for a 0.1 mL sample volume. The sample was concentrated with a Vivaspin 500 10 kDa MWCO spin concentrator, cysteamine-HCl was added to 1.7 mM, and this reaction was incubated at room temperature for 1 hour. After incubation, the reaction was desalted with a NAP-5 column equilibrated with PBS and 1 mM EDTA. This sample was concentrated in a Vivaspin 500 10 kDa MWCO concentrator and added to 2-5 equivalents of maleimide DNA. The reaction was incubated for approximately 3 hours at room temperature and stored at 4°C until purification on a Superdex 200 column (GE healthcare).
Image analysis
Images in figure 5 were analyzed for colocalization within defined regions of interest.
Colocalization analysis was otherwise affected by the general enrichment of labels under the cell S17 and low correlation in other regions, giving artifactually high correlation between all pairs. Using home-written scripts in MATLAB, cells were chosen using the brightfield images in a given dataset and images in the fluorescence channels were cropped according to this region of interest. Additionally, the full images were loaded, and background was found and removed using morphological filtering (strel, using the "disk" operator). Objects were found by automatic threshold selection then by creating a binary mask for regions above the threshold ( Figure SX ).
These masks were saved and used by CellProfiler   9 to mask all fluorescence channels, which excluded other regions of the image from further analysis. Colocalization analysis was performed using the Pearson's correlation module in CellProfiler (MeasureCorrelation). The mean of these measurements ± SEM for the indicated cell populations are shown in Figure 5 and Figure S10 .
